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ABSTRACT 
With rising concern pertaining to sound pollution and how it affects public health, 
new technologies are being considered to ensure sound is effectively attenuated and 
human exposure to unwanted noise is minimized. One of these technologies that separate 
the source from the observer is called the partition. As single wall partitions have to be 
physically dense to provide robust sound attenuation, they are not an efficient solution. 
An alternative solution is called double wall partitions. Double wall assemblies are 
lightweight, low-cost alternatives to single wall partitions that provide powerful 
transmission loss. Despite this, the performance of these assemblies suffer at a frequency 
called the mass-air-mass resonance frequency. Acoustically reinforcing this assembly is 
important to ensure their performance over a large frequency range. Helmholtz resonators 
are powerful methods to block sound in a narrow frequency band, and thus seem perfect 
to implement in double panel windows. However, when implemented, around the 
immediate vicinity of the Helmholtz resonator resonance, the performance of the entire 
assembly deteriorates. In this study, the use of several panels of Helmholtz resonators as 
a double wall assembly is investigated. As two panels can be set up in several 
configurations, the new configurations provide additional degrees of freedom that can be 
used to tune these sound packages to perform well at certain frequencies. Using the 
transfer matrix method, several cases are simulated and investigated. In certain 
configurations, improvement of up to 20db is noticed at the Helmholtz resonator resonant 
frequency. Several cases are also studied for when a porous layer is incorporated into the 
system. 
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 INTRODUCTION:  LITERATURE REVIEW AND BACKGROUND 
1.1 Motivation 
Unwanted sound, or noise7 is a pollution agent that exists in abundance today. With 
vast development in industry and infrastructure, prevalence of noise in the lives of human 
beings becomes increasingly abundant. Living in megacities, different sources of noise include 
aircrafts, vehicles, subways and other transportation systems2,3. Besides being unpleasant, 
there is scientific evidence that shows psychological and physiological detriment to human 
beings exposed to excess sound6. Schell and team discovered that the weight of human infants 
at birth is heavily influenced by noise levels of the surrounding in which the mother lived. 
Women who lived in areas of higher noise pollution such as airport surroundings had babies 
with low birth weight (below 3000g) compared to women who lived in areas with low noise 
levels1. Besides this, Hammer and colleagues list the various effects of health noise ranging 
from annoyance to long term hearing damage7. If sounds exists persistently, annoyance can 
lead to stress which in turn can lead to heart disease7,8. Being around noise during sleep reduces 
sleep quality, as blood pressure and heart rate increase with surrounding noise levels7,9,. Given 
the detrimental effects of exposure to excess noise levels, avoiding environments with excess 
sounds is important. However, in a study investigating the effects of living close to a natural 
gas compressor station, it was found that homes in proximity suffered noise levels exceeding 
55dBA, which is greater than EPA’s recommended limit10.  
 Controlling sound levels in these environments can be done several ways, by impeding the 
transmission path from source to receiver, by protecting the receiver (ear plugs, etc) and by 
minimizing sound output from the source. In this study, blocking sound in the transmission 
path is of interest.  
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 Traditional methods to block sound are based on the principle of sound barriers, where 
solid structures with high mass are put between the source of the sound and the observer. 
Residential walls and doors are good examples of acoustic barriers. The performance of such 
a barrier is dictated by the mass law which states that the sound blocked increases by 6dB each 
time the frequency of the noise source is doubled, or the mass of the barrier is doubled. From 
this explanation, it is evident that sound insulation at low frequencies is poor unless the barrier 
used is of great mass. However, increasing the mass of a material alone is not a robust method 
to control sound.  
1.2 Double-Wall Assemblies 
 The acoustic behavior of simple, infinite walls is governed by the mass law of 
attenuation, which states the following2,4. Based on the mass law, for every doubling of mass 
per unit area, transmission loss would increase by 6dB. Similarly, for every doubling of 
frequency of incident sound, an increase of 6dB can be expected. As mass per unit area is the 
product of density in kg/m3 and thickness in m, attaining high transmission losses boils down 
to using materials with high density and great thickness. As simply increasing mass or 
thickness of walls is not practical, new methods were developed.  
Double-wall assemblies are a simple, cost effective method to attain high transmission 
losses while keeping the mass of the overall assembly low. Double-wall assemblies act as a 
system of two masses connected by a spring. This nature gives rise to some interesting 
phenomena. As the entire assembly behaves as one vibrational unit, a new resonance 
frequency called the mass-air-mass resonant frequency for the whole unit exists. In addition, 
at frequencies above the mass-air-mass resonance the transmission loss of a double wall 
assembly reaches 18dB per doubling of frequency which is typical of such a system5. While 
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this coupling provides powerful transmission loss at higher frequencies, at the mass-air-mass 
resonance, sound transmission loss deteriorates drastically and the assembly attenuates sound 
poorer than a single wall with the same areal density. This phenomena is typified in the 
following plot of the transmission losses of a single wall and double wall with equivalent 
mass, equaling to 2.58kg/m2 which is the areal density of a 1mm sheet of glass. 
Figure 1. Transmission Loss comparison of single and double wall partitions 
 
Improving performance at mass-air-mass resonance is vital to overall practicality of using 
double-wall systems for broadband insulation and has been researched extensively. In literature, 
most methods involve changing the vibrational properties of the equivalent mass-spring-mass 
system. A porous material to introduce a damping agent into the system reduces the mass-air-
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mass resonance dip, but porous layers need to be incorporated substantially to effectively nullify 
the effect of the mass-air-mass resonance.  
1.3 Helmholtz Resonators 
 Helmholtz resonators (HR) are cavities filled with fluid connected to the environment 
through a small cavity. The fluid within the cavity acts as a spring and the fluid within the neck 
acts as a mass, creating a mass-spring system. These mass-spring systems formed resonate at a 
particular frequency which give rise to interesting phenomena. Resonance induced oscillation 
gives rise to friction between the air and walls of the neck of the HR thus causing viscous energy 
losses and sound absorption. As the geometry of the neck and the cavity influence the effective 
mass and stiffness of the equivalent mass and spring, tuning the resonant frequency of an HR is 
as simple as manipulating the geometry.  
 
1.4 Methods to Improve Sound Blocking Ability of Double-Wall Panels 
 To increase the sound transmission loss of double panels, researchers usually take active 
or passive approaches.  
 Two main methods in active control approaches are active noise control(ANC) and active 
structural acoustic control(ASAC)11. However, active approaches are expensive to implement 
and require electronics and a power source to run12, which can be a weakness.  
 Passive methods encompass any method that doesn’t require electricity to function. 
Several researchers have studied passive control methods to improve sound transmission loss 
double wall assemblies. D.Li et al in their paper demonstrate the use of a long T-shaped 
resonator embedded in the air cavity tuned to the MAM frequency of a double-wall assembly13. 
With this approach, they were successful at reducing the sound pressure in the air cavity and 
improved sound transmission loss13 of the entire assembly. Besides that, researchers have also 
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added mass inclusions to conventional porous material layers that were put in the airgap of a 
double-wall assembly14. These porous layers with mass inclusions are called heterogeneous 
blankets and can be tuned to target specific resonant modes of the double panel cavity by 
carefully determining the depth and position for each mass that corresponds to a specific mode14. 
This study was successful at increasing the sound transmission loss in a broad frequency range14. 
Takahashi et al studied attaching viscoelastic connectors to the incident wall in a double-wall 
assembly and were able to successfully increase transmission loss at MAM frequency by setting 
connectors at the antinodal points of a specific mode15. Despite the encouraging results, these 
methods require solving the governing PDEs to identify the mode shapes of the specific panels at 
the resonant modes of interest. As solving PDEs is a challenging task and sometimes have to be 
computationally evaluated, implementing these solutions will be challenging in the design phase.  
 Other researchers studied the addition of Helmholtz Resonators in various configurations 
to the air cavity of double wall assemblies. In the late 80s, both Prydz et al and Mason et al 
studied how the addition of Helmholtz resonators to the airgap of double panel cavities affected 
sound transmission loss, the difference being Prydz and colleagues added an array of Helmholtz 
resonators to the air cavity whereas Mason and group added a single Helmholtz resonator16,5. 
Both achieved significant increases in transmission loss, however, at either side of the 
transmission loss peak, two resonant dips in performance appeared. Sugie et al performed a 
similar study and found exactly the same results, however found that the increasing the damping 
of the Helmholtz resonator by adding porous materials mitigated this decrease in performance 
effectively18. 
 Mao and Pietrzko studied the effect of the damping ratio of the individual Helmholtz 
resonators and noticed that when damping was increased, the deterioration decreased19. 
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However, there exists a give and take relationship between the damping and the high 
transmission peak at the HR’s resonance frequency. This means that while increasing damping 
for individual HRs lessens TL deterioration at weak points, it also lessens the HR’s ability to 
block high amplitude sound at its respective resonant frequency.   
 From these findings in literature, we note that using HRs in the air cavity of double-wall 
assemblies increases the sound transmission loss of the double-wall assembly significantly. In 
double wall partitions, the back wall(radiating) is excited by the front wall(incident) through the 
pressure of the air within the air cavity. Adding HRs to this space affects the sound pressure 
within the air cavity greatly at the HR’s resonance frequency.  
 Efimtsov and Lazarev discuss using single wall panels for sound transmission and 
enhancing their sound blocking capability by mounting resonant elements on these panels19. Of 
the three types of resonant elements discussed, one were Helmholtz resonators19. While 
Helmholtz resonators act by reducing the sound pressure within the air cavity of a double wall 
assembly, they work with a different mechanism when mounted on single panels. On single 
panels, the input impedance of Helmholtz resonators reaches a minimum at resonance20. As the 
higher the mismatch of impedance, the lesser the amount of sound transmitted, this impedance 
mismatch with the impedance of free air causes high transmission losses at resonance.  
 Using these approaches in conjunction with each other will provide several new degrees 
of freedom for tunability. Given the wide range of noise that human beings encounter in 
everyday life, newly introduced technologies with high tunability will allow for strong 
performance at several different frequencies instead of just one. This increase in degrees of 
freedom for design will ensure robust sound blocking capabilities that can be configured for a 
specific situations.  
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 It is proposed to design a double wall assembly with two panels that have HR arrays 
mounted on them, instead of one as in Prydz’ study16. By manipulating the different possible 
configurations, between panels with HR necks interacting with the airgap, and panels with HR 
gaps interacting with the environment, it is possible to create a vast amount of different sound 
packages with different properties.  
The layout of this thesis is as follows, first, the proposed sound package is illustrated, next the 
transfer matrix method as an analytical method to model multilayer assemblies is explained and 
the various transfer matrices for the individual elements in the proposed sound packages are 
discussed. Next, a finite element model of a Helmholtz Resonator is built in a commercial 
software and the results are analyzed. The purpose of this design is as a proof of concept for 
Helmholtz Resonators and their sound blocking capabilities. Finally, the results of various 
calculated transmission losses for various configurations of sound packages is discussed.  
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 ANALYTICAL MODELLING OF MULTILAYER ASSEMBLY 
THROUGH TRANSFER MATRIX METHOD 
 The acoustic behavior of multilayer assemblies is often challenging to predict 
analytically. To compute sound transmission loss, the acoustic power on the front and back of 
the element under study is required. Computing these acoustic powers with traditional methods 
requires the solving of a system of partial differential equations that describe the flexural motion 
of aforementioned element21,22,23. Given that this task can be mathematically challenging 
especially for more complex geometries, a series of other methods have been developed and 
studied. The transfer matrix method is one such method which is often used in situations where 
the elements being studied are composed of multiple layers16,17,24.   
2.1 Explanation of Transfer Matrix Method 
The Transfer Matrix Method (TMM) models a specific layer as an acoustic “blackbox” 
and relates the pressure and velocity on one end of the layer to the pressure and velocity of the 
reverse end. This concept is illustrated in figure 2. Elements of the transfer matrix have been 
determined for various common structures such as limp walls and fluid layers. When several 
layers are arranged in series, individual transfer matrices of each layer can be combined in order 
to produce a global transfer matrix that describes the whole system17,24. 
It is important to note that when using the TMM, each element is assumed to be infinite 
in space, except for in the direction of the thickness and incident sound is normal to the element 
17. 
9 
 
 
Figure 2. Illustration of transfer matrix method 
2.2 Transfer Matrix of Limp Walls 
 The flat panels that make up the individual walls of the double-wall assemblies can be 
modeled acoustically using transfer matrices. In practice, the acoustic impedance of a flat plate is 
governed by three quantities, the areal density, damping coefficient and stiffness. Factoring 
damping and stiffness into calculation provides ability to predict dynamic behavior of the panel, 
thus allowing resonances to be predicted26. Damping and stiffness also dominate impedance at 
frequencies around and below the first eigenfrequency of the element (usually <30Hz) and high 
frequencies ( >2kHz)27.  Given that significant amount of research is done on sound transmission 
between these frequencies, the influence of mass alone can be used as an accurate analytical 
representation of acoustic behavior in these cases.  
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 This is called the limp wall assumption, and states that the acoustic impedance of a wall is 
influenced by the mass per unit area alone as described in the following equation27.  
𝑍𝑙𝑖𝑚𝑝 =  𝑗𝜔𝑀            (1) 
where j is the imaginary constant, 𝜔 is the angular frequency and M is a the mass per unit area of 
the panel in kg/m2, also called the areal density. From the impedance, the transfer matrix of a limp 
wall can be arranged as follows16. 
𝑇𝑙𝑖𝑚𝑝 =  [
1 𝑍𝑙𝑖𝑚𝑝
0 1
] = [
1 𝑗𝜔𝑀
0 1
]    (2) 
2.3 Transfer Matrix of Airgap 
 The air encased between both panels in a double wall assembly is called an airgap. Thus, 
to effectively model a double wall assembly, it is required to identify the transfer matrix of an 
airgap. The transfer matrix of an airgap is frequently used in literature and can be expressed as 
follows28,29.  
𝑇𝑎𝑖𝑟 =  [
cos (𝑘0𝐷) 𝑗𝑍0sin (𝑘0𝐷)
𝑗 sin(𝑘0𝐷) /𝑍0 cos (𝑘0𝐷)
]                                    (3) 
where 𝑘0 is the wavenumber of air at a specific frequency, D is the depth of the airgap and 𝑍0 is 
the impedance of air.  
2.4 Helmholtz Resonator 
 Helmholtz resonators (HR) are cavities filled with fluid connected to the environment 
through a small cavity. The fluid within the cavity acts as a spring and the fluid within the neck 
acts as a mass, creating a mass-spring system. These mass-spring systems formed resonate at a 
particular frequency which give rise to interesting phenomena. Resonance induced oscillation 
gives rise to friction between the air and walls of the neck of the HR thus causing viscous energy 
losses and sound absorption. Tuning the resonant frequency of the HR can be done by changing 
the geometry of the neck and cavity as this changes the mass and stiffness of the system. 
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2.4.1 Transfer Matrix of HR Array – Neck Facing Sound Source 
 The transfer matrix of an HR array is derived from the transfer matrix of a panel with 
resonant elements mounted on it as illustrated below20.  
THR = [
1 0
1/𝑍𝐻𝑅 1
] [
1 𝑗𝜔𝑀
0 1
]                                              (4) 
Where j2 = -1, ω is 2πf, where f is frequency in Hz and M is mass per unit area of the HR 
Panel. ZHR is the impedance of an HR array and is calculated according to the following method. 
Derivation of impedance for a HR array is taken from references 27 and 24 and is given as a sum 
of impedances of the HR neck and the HR cavity. Allard in his book derives the acoustic 
impedance of a square cavity as27: 
𝑍𝑠𝑞 = −𝑗𝑍𝑐 𝑠𝑖cot(𝑘𝑑𝑔) + 𝑗𝜔𝜀𝑖𝜌0                                        (5) 
where j  is the imaginary constant, 𝑍𝑐 acoustic impedance of air, k is the acoustic wavenumber, 
dg depth of the cavity, ω is the angular frequency of incident sound, and 𝜌0 is the density of air. 
The quantities 𝑠𝑖 and 𝜀𝑖 are related to the geometry of the cavity and the array and can be found 
with the following equations.  
𝑠𝑖 = √𝑆/𝐷𝑖
2                  (6) 
and, 𝜀𝑖 = 0.48𝑆
1
2(1.0 − 1.14𝑠𝑖)                                             (7) 
where S is the cross sectional area of the aperture and D is the cross sectional area of the cavity.   
The impedance of the neck is the impedance of a perforation in a panel and is divided 
into a resistive component and an inertial component and is expressed as follows. 
𝑍ℎ𝑜𝑙𝑒 = (
2𝑑𝑛
𝑅𝑛
+ 4) 𝑅𝑠 + 𝑗𝜔(𝜀𝑒 + 𝑑𝑛)𝜌0                                    (8) 
where 𝜀𝑒 can be found by equations (10). 
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                                                            𝑠𝑒 = √𝑆/𝐷𝑒
2                                                               (9) 
and 
, 𝜀𝑒 = 0.48𝑆
1
2(1.0 − 1.14𝑠𝑒)                                          (10) 
Where dn is the depth of the neck, Rn is the depth of the neck, Rs is the surface resistivity 
given by RS = 0.5(2ηρ0ω)1/2 and 𝜀𝑒 is a property related to the geometry of the array. Summing 
these impedances gives us the following equation.  
𝑍𝑡𝑜𝑡𝑎𝑙 =  −𝑗𝑍𝑐 𝑠𝑖cot(𝑘𝑑𝑔) + 𝑗𝜔(𝜀𝑒 + 𝜀𝑖 + 𝑑𝑛)𝜌0 + (
2𝑑𝑛
𝑅𝑛
+ 4) 𝑅𝑠                         (11) 
Finally, the impedance of interest, , which is the impedance of the free air right in front of 
the HR trim panel is calculated by dividing 𝑍𝑡𝑜𝑡𝑎𝑙
 by 𝑠𝑒
1. 
𝑍𝐻𝑅 =  
1
𝑠𝑒
(−𝑗𝑍𝑐 𝑠𝑖cot(𝑘𝑑𝑔) + 𝑗𝜔(𝜀𝑒 + 𝜀𝑖 + 𝑑𝑛)𝜌0 + (
2𝑑𝑛
𝑅𝑛
+ 4) 𝑅𝑠)                     (12) 
Figure 3. Visual representation of parameters used to describe Helmholtz Resonator 
array 
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A visual representation of all the geometric parameters is provided in Figure 3 to ensure 
clear communication of how the parameters relate to their real world counterparts.  
2.4.2 Transfer Matrix of HR array – Neck Facing Away from Sound Source  
 Traditionally, HR arrays are used to block sound with their necks facing the sound 
source. However, it is also possible to use HR arrays in opposite orientation with the back of the 
panel facing the sound source. Regardless of this orientation, HR arrays behave exactly the same 
for the case of sound transmission24. In the context of double walls, HRs arrays are only used 
facing the sound source. It is therefore interesting to investigate if and how using differently 
orientated HR arrays affect the sound transmission behavior of double wall assemblies16. 
 The TM for a HR array in the opposite orientation can be deduced by inverting the TM 
for a traditionally orientated HR array and accounting for change in the sign of the velocity24,30, 
as shown in equation (13). 
𝑇𝐻𝑅,𝑜𝑝𝑝 =  
1
𝑑𝑒𝑡(𝑇𝐻𝑅)
[
𝑇𝐻𝑅,22 𝑇𝐻𝑅,12
𝑇𝐻𝑅,21 𝑇𝐻𝑅,11
]                                       (13) 
 where  𝑑𝑒𝑡(𝑇𝐻𝑅) is the determinant of the TM of traditionally oriented HRs. 
2.5 JCA Equivalent Fluid Model for Porous Materials 
 Porous materials are frequently used for sound absorbing applications. When a sound 
wave propagates within the matrix of a porous material, interaction with the internal network 
causes viscous and thermal losses of acoustic energy. However, analytically predicting the sound 
transmission behavior of a porous material is a complex task because of the high disorder in 
porous material networks. Despite this, many attempts have been made at this task. Of all these, 
the most suitable for this study is called the Johnson-Champoux-Allard model which represents 
the porous material as a fluid with the same effective acoustical properties17,24,29. This model 
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works well for a broad frequency band and the outputs of this model can be arranged into a 
transfer matrix easily, thus making it suitable for multilayer assemblies. Quantities of interest 
that allow us to model sound propagation through a porous material are complex effective 
density, 𝜌𝑒𝑓𝑓 and complex bulk modulus, 𝐾(𝜔) which can be found through this model, which is 
listed below.  
𝜌𝑒𝑓𝑓 =  𝛼∞𝜌0 (1 +
𝜎𝜙
𝑗𝜔𝜌0𝛼∞
√1 + 𝑗𝜔
4𝛼∞
2 𝜂𝜌0
𝜎2𝜙2Λ2
)                               (14) 
𝐾(𝜔) =  𝛾0𝑃0/ [𝛾0 − (𝛾0 − 1) (1 +  
8𝜂
𝑗𝜔𝑃𝑟𝜌0Λ′
2 √1 + 𝑗𝜔
𝑃𝑟𝜌0Λ′
2
16𝜂
)
−1
 ]              (15) 
 
The definitions of the symbols are tabulated below and the physical meaning of the input 
parameters of this model are explained in the following sections.  
 
Symbol Physical quantity 
𝑃𝑟 Prandtl number 
𝛾0 Adiabatic constant 
𝑃0 Static air pressure 
𝜎 Flow resistivity of porous material 
𝜙 Porosity 
𝛼∞ Tortuosity 
Λ, Λ′ Viscous, Thermal characteristic lengths 
 
2.5.1 Tortuosity 
Tortuosity is a property widely used to describe materials that exhibit any sort of 
disorder. In their review, Ghanbarian et al.  describe the various applications for tortuosity such 
as to estimate electrical and hydraulic conductivities of porous materials30. Early analytical 
models assume that a porous material is made of parallel, cylindrical pores30,31. To account for 
Table 1. Physical quantities of parameters used in JCA equivalent fluid model 
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the disorder inherently present in networks of porous materials, tortuosity was introduced. It can 
be defined as the ratio of the shortest pathway through the porous network to a straight line 
length30.   
 
2.5.2 Porosity 
 As porous materials are made  of two phases(solids which make up the network and the 
saturating fluid that fills the pores). The ratio by volume of these phases drastically change the 
properties of the bulk material33,34. This property is called the porosity and is formally defined as 
the ratio, by volume, of the saturating fluid to the solid network. In acoustic applications, the 
lower the porosity, the poorer the sound absorption capability as the internal surface area of the 
network decreases, offering smaller interface areas for viscous sound losses. The effect of 
porosity on acoustic parameters is thus vital and necessary to consider.  
2.5.3 Flow Resistivity 
 Flow resistivity is a measure that describes the viscous coupling between the saturating 
fluid and the porous network structure35. This property is defined as the ratio between pressure 
difference across a sample and flow velocity of air through the sample35-44.  
2.5.4 Thermal and Viscous Characteristic Lengths 
 Characteristic lengths are properties of porous materials that characterize the effect their 
internal network has on their effective properties. As quantifying the disorder within an internal 
network challenging, finding the exact effect of a specific porous material on its acoustic 
impedance is difficult45. In the 1980s, Johnson and colleagues proposed the use of a quantity 
which was essentially the surface-to-pore-volume ratio of the pore-solid interface46 .This 
quantity, called the viscous characteristic length is measurable by studying sound attenuation at 
high frequency interface46. In their study, Johnson et al related the usage of their proposed 
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characteristic length to more accurately model the frequency dependent tortuosity(not to be 
confused with static tortuosity)  and subsequently the effective density of a porous material.  
 Champoux and Allard extended Johsnon et al’s study to include the thermal loss effects 
and proposed the thermal characteristic length. Using this new property, the effect of the porous 
network on the bulk modulus can be found45. 
2.5.5 Prandtl Number, Adiabatic Constant and Static Air Pressure 
 These three quantities that are inputs to are also inputs to the JCA equivalent fluid model 
are related to the surrounding conditions instead of properties of the porous layer itself. For air at 
rest, these three quantities can be taken and used as follows. Prandtl number is 0.713, the 
adiabatic constant is 1.4 and static air pressure is 101325Pa24 
2.5.6 Transfer Matrix of a Porous Layer 
Using 𝜌𝑒𝑓𝑓 and 𝐾(𝜔) of the equivalent fluid, 𝑍𝑝 and 𝑘𝑐 can be found using equations 
(16) and (17)29. Once these quantities have been obtained, all the necessary inputs for the transfer 
matrix are available.  
𝑍𝑝 =  √𝜌𝑒𝑓𝑓𝐾(𝜔)                                                (16) 
𝑘𝑐 =  𝜔√
𝜌𝑒𝑓𝑓
𝐾(𝜔)⁄                                                (17) 
𝑇𝑝𝑜𝑟𝑜𝑢𝑠 =  [
cos (𝑘𝑐ℎ) 𝑗𝑍𝑝sin (𝑘𝑐ℎ)
𝑗 sin(𝑘𝑐ℎ) /𝑍𝑝 cos (𝑘𝑐ℎ)
]                                 (18) 
2.6 Assembly of Transfer Matrices and Calculation of Transmission Loss 
 Assembling the transfer matrices is done by multiplying each matrix in order from the 
furthest element upstream to the furthest element downstream. For example, the global transfer 
matrix for the simple double wall assembly illustrated in figure (5) would be assembled as 
follows. 
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Figure 4. Schematic of double panel assembly 
 
Once 𝑇𝑔𝑙𝑜𝑏𝑎𝑙 is found, the transmission loss of the multilayer assembly can be found using the 
equation (20) below24, 28 
𝑇𝑔𝑙𝑜𝑏𝑎𝑙 =  𝑇𝑙𝑖𝑚𝑝 𝑥 𝑇𝑎𝑖𝑟𝑔𝑎𝑝 𝑥 𝑇𝑙𝑖𝑚𝑝                                  (19) 
𝑇𝐿 =  20 log10(
1
2
𝑎𝑏𝑠(𝑇𝑔𝑙𝑜𝑏𝑎𝑙,11 +
𝑇𝑔𝑙𝑜𝑏𝑎𝑙,12 
𝑍0
+ 𝑍0𝑇𝑔𝑙𝑜𝑏𝑎𝑙,21 + 𝑇22 ))             (20) 
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 RESULTS AND DISCUSSION 
3.1 Double Wall with and without Porous Material 
     Several double-wall assemblies were designed and tested using the TMM. The first were 
made of 2 panels with densities of 2580kg/m3 which corresponds to the density of glass and 
airgaps ranging from 5mm, 15mm, 30mm and 50mm. The thickness of both panels is 1mm, thus 
the areal density of each panel is taken as 2.58kg/m2 . The transmission loss in dB of all four 
assemblies are plotted in figure 5. From this plot, we observe that as the transmission loss 
deteriorates drastically at the mass-air-mass resonance frequency. It is also observed that as the 
Figure 5. Transmission loss of double panels systems with different 
airgaps 
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thickness of the airgaps decrease, the mass air mass resonant frequency increases. This agrees 
with the traditional equation used to calculate mass-air-mass resonant frequencies of  
double-wall systems. 
 Adding porous material to the airgap increases the damping of acoustic energy within the 
cavity which increases the transmission loss. Melamine foam is a type of porous material that is 
commonly used in construction for thermal and acoustic insulation. The transmission loss of 
these systems is calculated and plotted in figure 6. When the thickness of the porous layer is 
high, the effect of mass-air-mass resonance is drastically reduced and transmission loss of the 
panel doesn’t deteriorate at this frequency. As the thickness decreases, the effect of the porous 
layer reduces, which is because with greater thickness, the damping introduced into the system 
Figure 6. Transmission loss of double panels systems with a porous layer 
incorporated 
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by the porous layer is greater. The mass-air-mass resonance frequency are also exactly the same 
with and without the porous layer. The mass-air-mass resonance is governed by the mass of the 
panels and the equivalent spring stiffness of the airgap. As the addition of porous material does 
not change damping and has no effect on either of these quantities, this is expected.  
3.2 Transmission Loss of Single HR-Array Panel 
 Next, the transmission loss of a traditional HR array is calculated and plotted. The HR 
array is made of acrylic material with a density of 1180kg/m3. The HR array panel is made of 
two 0.5mm thick panels, through which a final areal density of 11.8kg/m2 is calculated. The HRs 
used in this array in this case is composed of a cylindrical neck and a cuboidal volume, the 
dimensions of which are tabulated below.  
 
Parameter Value 
HR neck radius 4.6e-3m 
HR neck depth 7e-3 
HR cavity breadth, height and depth 88e-3m 
HR resonant frequency 143Hz 
 
 With these measurements and assumptions, the transfer matrices were constructed and 
the transmission loss was calculated for the case where the necks of the HR face the sound 
source. It is noticed that at the resonant frequency, the sound transmission loss peaks, agreeing 
with the theory of HRs. This result matches findings published in literature. In areas distant from 
the immediate neighborhood of the resonant frequency of the HRs, the sound transmission loss 
follows that of a single wall implying that the transmission loss of a single HR panel resembles 
Table 2. Parameters of the HR used in this study 
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the superposition of the transmission loss of a single wall panel with the same mass and an HR 
array.  
  
The same calculation was repeated with the necks of the HR facing the opposite direction 
to ensure that HRs insulate sound with the same performance regardless of direction of incidence 
of the impinging sound wave. 
Figure 7. Transmission loss of an HR array 
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 Both transmission loss curves overlap perfectly, thus indicating that HRs can be used for  
sound blocking irrespective of direction of excitation. This opens up a new dimension of 
freedom, where the orientation of an HR array can be manipulated and a single assembly can be 
made using HRs with different orientations.  
3.3 Double-Wall Assembly with one HR Panel 
 The influence of the enclosure in which the HR operates is interesting to study as well. 
As the resonant modes of the enclosures affect the acoustic impedance and thus the transmission 
loss of an HR. As the dimensions of the enclosure in question directly affect the acoustic 
behavior of the HR, placing the HR either in the airgap or outside of the airgap will play a crucial 
role in the sound transmission loss. Four different configurations are tested, where the orientation 
and position of the HR are varied. These configurations are named and tabulated below. DHR is 
Figure 8. Transmission loss of an HR array with necks facing downstream 
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the root code, subscripts i or e indicate whether the HR panels are internal or external to the 
airgap, and subscripts 1 and 2 indicate which panel the HRs are mounted on, 1 being the 
upstream panel and 2 being the downstream panel.   
3.3.1 Double Wall with Single HR Panel Interacting with Airgap 
 
 
 
 
Figure 9. Schematic of 
double panel wall with 
one HR array panel 
Figure 10. HR necks face upstream, interacting with 
airgap 
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The transmission loss of the global assembly when the HR panel is put inside the airgap 
demonstrates powerful sound attenuation. However, two new cavity modes are introduced and 
the transmission loss at either side of the HR peak deteriorates significantly. This is typical when 
resonators are added to the cavity of a double-wall assembly. This is in agreement with the 
research of Mason and Fahy and is caused by the coupling of the slug of air within the HR neck 
to the air within the cavity5.  
Figure 11. Schematic of 
double panel wall with 
one HR array panel 
Figure 12. HR necks face downstream, interact with airgap 
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3.3.2 Double Wall with HR Panel Interacting with Environment 
 
Figure 13. Schematic of 
double panel wall with 
one HR array panel 
Figure 14. HR necks facing downstream, interact with 
environment 
Figure 15. Schematic of 
double panel wall with 
one HR array panel 
Figure 16. Necks facing upstream, interact with environment 
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 When the HR panel is put outside the airgap, we see that at the HR resonance frequency, 
the sound transmission loss peak isn’t as prominent as when the the HR panel is put inside the 
airgap. The deterioration of the transmission loss on either side of the HR peak is also not present 
in these results. As the HR necks now do not interact with the airgap and instead interact with the 
environment, they don’t have an effect on the dynamics of the entire assembly. Therefore, at the 
HR resonant frequency, sound blocking occurs by virtue of the HR resonance alone.  
 The difference in this behavior compared to when the HR is placed inside the airgap is 
encouraging as it provides an added degree of freedom for design. 
 
 
3.4 Double-wall Assembly with two HR Panels 
 Four different combinations of double-walls and HR panels can be designed. The 
configurations of each panel are tabulated in the table below. It is to be noted the legend for  
Table 3 is as follows. HR stands for Helmholtz Resonator, p stands for panel, air stands for 
airgap, subscript 1 stands for necks facing incoming wave, and subscript 2 stands for necks 
facing opposite direction of incoming wave. In all the configurations listed, the incident sound 
wave is assumed to impinge from the left, for example the first upstream element in the assembly 
A3 is the element HR. 
 
 
 
27 
 
 
Assembly Configuration 
A1 p-HR2-air-HR1-p 
A2 HR1-p-air-p-HR2 
A3 p-HR2-air-p-HR2 
A4 HR1-p-air-HR1-p 
 
Schematic figures representing each configuration are included prior to the discussion of 
their calculated transmission losses. The first transmission loss curve plotted represents a case 
where no HR array panels are included, thus the assembly is a simple double panel partition. The 
second and third curves represent cases when a HR array is implemented as the upstream panel , 
and downstream panel respectively. The panel opposite to the HR arrays in this case is a simple 
flat panel. The final curve plotted is the transmission loss curve for cases where both panel are 
HR array panels. The configurations of these assemblies are as described as assemblies A1 
through A4.  
All these curves are plotted on the same axes for ease of comparison.  
 
 
  
Table 3. Different configurations for double wall HR array panels 
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3.4.1 Assembly A1 
 
In Assembly A1, both the HR panels have their necks opening to the inside of the airgap. 
The transmission loss for such an assembly is calculated and plotted compared to a double wall 
assembly with the same mass for panels, and an assembly with one HR panel instead of two. 
With two HR panels instead of one, the TL peak is more powerful, at the HR resonance, which is 
tuned to the MAM resonance frequency of the double-wall panel, the TL of the assembly when 
one HR panel is included is 62dB. Assembly A1 has a maximum TL of 69dB. This suggests that 
the addition of a second HR array panel provides an increase of 7dB at the HR resonance peak. It 
is also observed that the breadth of the TL peak is increased and occurs over a larger range of 
frequencies in the case of assembly A1.   
Figure 17. Schematic of 
Assembly A1 
Figure 18. Transmission loss comparison of Assembly A1 and 
cases where only 1 HR panel is used, and when there are no HR 
panels used 
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3.4.2 Assembly A2 
Figure 19. Schematic of 
Assembly A2 
Figure 20. Transmission loss comparison of Assembly A2 and cases where only 1 
HR panel is used, and when there are no HR panels used 
30 
 
 For the configuration of Assembly A2, a different transmission loss behavior is observed 
compared to that in Assembly A1. Before further analysis, it must be noted that despite there 
appearing to be only be 3 curves, 4 sets of data were plotted against each other. One of those 
curves, the red one in this case overlaps perfectly with the yellow curve as the behavior of the 
system is exactly the same regardless of whether the HR panel is placed upstream or 
downstream. When one HR array panel is added, regardless of whether that HR panel is 
upstream or downstream, the behavior is exactly the same. In addition, the transmission peak is 
poor and although the MAM resonance is counteracted, the counteracting effect only salvages 
about 10dB of transmission loss, which indicates poor performance. When two HR arrays are 
used instead, the transmission loss peak becomes significant. The maximum transmission loss in 
this case peaks at around 26dB, which is a significant improvement over the 10dB attenuation of 
the one HR array panel and the 0dB attenuation of the double-wall structure. It should also be 
noted that there is no resonance dip. This is an interesting observation as this configuration for an 
HR is yet to be studied and reported on in literature. As installing HRs in the airgap cavity 
directly manipulates the cavity modes and provides higher transmission losses, one HR panel or 
minimal amounts of HRs have sufficed to provide significant sound attenuation5,16,12,19. This 
finding is thus significant and gives us the ability to design double-wall assemblies with greater 
tunability.  
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 3.4.3 Assembly A3 & Assembly A4  
 
 
 
 
 
 
 
 
 
 
Figure 21. Schematic of Assembly A3 
Figure 22. Transmission loss comparison of Assembly A3 and cases where only 1 
HR panel is used, and when there are no HR panels used 
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Assembly A3 exhibits interesting behavior as well. The double wall system with one HR 
perform exactly as expected. When the necks of the HR interact with the airgap, in this case, this 
is the upstream panel, the transmission peak is pronounced and reaches 62dB. With it two 
resonance dips are present. On the other hand, when the necks of the HR are interacting with the 
environment, the transmission loss peak is poor. No resonance dips are present as well, which 
match our observations for this particular case. For Assembly A3, The transmission loss peak is 
the higher than assemblies A1 and A2, reaching 77 dB. Resonant dips are present on either side 
of the peak and the deterioration of transmission loss at these frequencies are equal to the case 
where one HR array is used.    
Assembly A4 exhibits exactly the same transmission loss curves as Assembly A3. This 
supports the hypothesis made while studying double wall assemblies with single HR panels, that 
whether or not the necks of the HR interact with the airgap play a greater role on the 
transmission loss than the position of the HR array panels themselves. 
Figure 23. Schematic 
of Assembly A4 
Figure 24. Transmission loss comparison of Assembly A4 and cases 
where only 1 HR panel is used, and when there are no HR panels used 
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3.5 Incorporation of Porous Material 
 The damping in double wall assemblies can be further increased by incorporating porous 
materials into the airgap. Several different porous materials can be used in different 
configurations and thicknesses to produce various transmission loss curves. To study how double 
HR array panel partitions behave with the incorporation of a porous material, simulations using 
the TMM are run for assemblies A1 to A4, with a porous layer sandwiched in between. The 
porous material chosen is melamine foam, the acoustic properties of which are extracted from 
reference13.  
 
Parameter Value 
Tortuosity 1 
Porosity 0.999 
Flow Resistivity(N s m-4) 9724 
Viscous Length(μm) 110 
Thermal Length(μm) 122 
 
 The thickness of the porous material is 30mm and fills the entire airgap. The transmission 
loss of the sound packages with and without porous material are plotted on the same axes for 
comparison. 
 
 
Table 4. Acoustic properties of melamine foam 
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3.5.1 A1 with and without Porous Layer  
 
 
 
 
 
 
 
 
 
 
 
 
     One main observation from the transmission loss curve are that the resonant dips are less 
pronounced. According to vibration theory, the displacement of a vibrational system at resonance 
directly correlates to the level of damping. By adding the porous layer, the damping within the 
system is increased, which reduces the displacement of the radiating panel, reducing the radiated 
sound pressure. Another observation is that the HR resonance peak is increased by 20dB.  This is 
caused by the interaction between the necks of the HRs and the porous layer. When the neck and 
porous layer are in contact, the surface acoustic impedance of the HR necks is further reduced, 
causing a larger impedance mismatch with free air. This impedance mismatch causes a larger 
portion of sound energy to be reflected compared to the case without a porous layer. 
Figure 25. Transmission loss comparisons of cases with and without melamine foam for 
Assembly A1 
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3.5.2 A2 with and without Porous Layer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 In Assembly A2, expectedly the same porous layer causes a less drastic impact compared 
to Assembly A1. The HR resonant peak, which previously increased the sound attenuation of the 
total sound package by 20dB increases by 7dB, compared to the 20dB HR resonant peak 
demonstrated in Assembly A1. In Assembly A2, the necks of the HRs face away from the porous 
layer. There is therefore no active interaction between the necks of the HRs and the porous layer. 
The porous layer adds the 7dB attenuation passively. This transmission loss curve can therefore 
be represented as a superposition of the individual transmission loss curves of a 30mm thick 
melamine foam layer, and assembly A2 without the porous layer. 
Figure 26. Transmission loss comparisons of cases with and without melamine foam for 
Assembly A2 
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3.5.3 A3 and A4 with and without Porous Layer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. Transmission loss comparisons of cases with and without 
melamine foam for Assembly A3 
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     The transmission loss curves of Assemblies A3 and A4 are exactly the same. As with the 
other cases, the porous material introduces damping into the system, which reduces the 
deterioration of transmission loss at the resonant dips. The transmission loss at the HR resonant 
frequency is unchanged. This can be attributed to how only 1 HR array interacts actively with the 
porous layer. In Assembly A1 where the porous layer improves the HR resonant peak, both HR 
arrays interact with the porous layer. Besides, even without the porous layer, assemblies A4 and 
A3 experience higher transmission loss peaks at HR resonance compared to Assembly A1 
suggesting that the external HR array plays a powerful role in increasing the HR resonant peak. 
As the external array doesn’t interact with the porous layer, it makes sense that incorporating it 
doesn’t cause any improvement at HR resonant frequency.  
Figure 28. Transmission loss comparisons of cases with and without 
melamine foam for Assembly A4 
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3.6 Potential Application Situations 
 Using information from publications in the fields of aircraft noise, traffic noise and train 
noise, the performance of these assemblies can be tuned and predicted. If certain frequency 
bands are more dominant for a specific noise source, attenuating the noise entails effectively 
blocking noise at these frequencies.  
 In situations where the powerful sound blocking capability of a double wall assembly is 
required, assembly A2 will work well. As the HRs are blocking the sound at the surface level of 
the HR panels, no resonant deterioration is experienced, and thus the transmission loss curves are 
smooth throughout the frequency band studied. For situations where two dominant discrete 
frequencies exist, Assembly A1 can be used with both HR panels tuned to each of these discrete 
frequencies. As both HR panels have HR necks interacting with the airgap, two powerful 
transmission loss peaks will manifest, resonant deterioration is also to be expected, so such 
assemblies will work only for cases where sound is dominant in a low amount of discrete 
frequencies. 
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 NUMERICAL SIMULATION 
4.1 Impedance Tube Method for Transmission Losses  
 Impedance tubes are high density, rigid hollow pipes with provision for a sound source 
on one end and a several different terminations on the other47. By exciting a sample with band 
limited white noise over a certain range of frequencies, the pressure data picked up from 
microphones at 4 different locations on the impedance tube can be used to compute transmission 
loss through an algorithm provided by ASTM in their ASTM 2611-17 standard48. Besides this, 
wave decomposition is another method through which the impedance tube can be used to 
compute transmission loss47. These methods are widely used in research and industry to measure 
various acoustic properties ranging from sound transmission loss and absorption coefficient to 
acoustic impedance. For proof of concept, the acoustic properties of an HR were to be measured 
in an impedance tube set up. However, because of expensive equipment, an experimental 
approach was deemed to be out-of-reach.  
 As an alternative, it was proposed to model an impedance tube set up in finite element 
software. The software chosen was COMSOL®’s COMSOL Multiphysics as it has a robust built-
in acoustics package. Simulation was run in the frequency domain module, which allows a user 
to study the acoustic response of a particular geometry under time-harmonic sound excitation. 
Running impedance tube tests in COMSOL Multiphysics software is an approach taken by 
several researchers for proof of concept and to increase robustness of their studies17. 
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4.2 Geometry 
4.2.1 HR Geometry 
 Constructing the HR was done using COMSOL’s built in CAD interface. The HR has a 
resonant frequency of 199Hz. These parameters are tabulated below.  
 
Part Dimension 
Neck inner radius(m) 4.6e-3 
HR neck depth(m) 7e-3 
HR cavity inner width 70e-3 
HR cavity inner breadth 70e-3 
HR cavity inner height 70e-3 
 HR resonant frequency 199Hz 
 
Table 5. Parameters of simulated Helmholtz Resonator  
Figure 29. Geometry of Helmholtz Resonator in 
COMSOL  
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4.2.2 Impedance Tube Geometry 
 The impedance tube is a cuboid, with a cross sectional area of 71e-3m by 71e-3m. The 
length of the tube is 1m. The 1mm increase  in cross section over the cross section of the HR 
cavity is to account for the material boundaries of the HR. 
4.3 Boundary Conditions 
 There exists a slew of different boundary conditions in the COMSOL pressure acoustics 
module. To model the sound source, a pressure boundary condition was chosen. When pressure 
is set as the boundary condition, the user selects a value as the incident sound pressure in Pa. The 
selected input becomes the pressure amplitude with harmonic time dependence. 
 
 
Figure 30. Domain in which the source wave is modeled 
Figure 31. Remaining domains with Sound Hard Boundary assigned 
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The remaining boundaries are all assigned ‘Sound Hard Boundary’ conditions. 
4.4 Materials 
 The solid boundaries are the geometric entities that give the HR its structure. The 
material assigned to all solid boundaries is acrylic plastic. This material is built into COMSOL 
and all but one relevant acoustic properties are provided by the manufacturer of the software. 
The one remaining acoustic property is the speed of sound in acrylic which is readily available 
from online guides as 2730m/s49. 
 The non-solid boundaries are basically the surrounding fluid and as the HR will perform 
in air, the surrounding fluid is used as air. The acoustic properties of air are also provided in 
COMSOL.  
 A third material is required for successful modeling of a HR. At resonance, the mass of 
the fluid within a HR starts oscillating and this gives rise to thermal and viscous losses through 
friction of the slug of air within the neck and the material boundaries of the neck itself. As the 
governing PDE of this module does not account for energy losses, a different method has to be 
used to account for this. In their paper, Doutres et al use the JCA equivalent fluid model and a 
corresponding pore model to obtain effective densities and bulk moduli of the slug of air within 
the HR at resonance. With this provision, the COMSOL results are modified to reflect thermal 
and viscous losses and match expected values24.  
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(a) 
(b) 
(c) 
Figure 32. (a) Material boundaries of HR with acrylic assigned (b) Neck of HR modeled 
using equivalent fluid properties of a pore from JCA equivalent fluid model (c) Domains 
where air is assigned as the material 
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4.5 Discretization 
A vital part of numerical simulations is discretization. The elements for the mesh were 
basic free tetrahedral elements. The mesh didn’t have to be modified as COMSOL’s built-in 
mesh generator automatically made the mesh finer in critical areas.  
Figure 33. Meshed HR 
Figure 34. Entire geometry meshed 
45 
 
4.6 Results 
 
     Calculation of transmission loss was done following equation (21) below. In COMSOL, the 
average pressures of a volume are easy to obtain during post-processing. By obtaining the 
average pressure of the impedance tube volume before the HR and after the HR, the inputs for 
this equation can be satisfied. To obtain the frequency dependent transmission loss, these 
averages were calculated for every frequency case. 
TL =  20log10(
𝑃𝑎𝑣𝑒,𝑖𝑛𝑐
𝑃𝑎𝑣𝑒,𝑟𝑎𝑑
)                                      (21) 
     A peak in transmission loss is seen at 207Hz, the difference in the simulated resonant 
frequency and can be attributed to coupling of the HR and the impedance tube. Impedance tube 
tests are run twice, with two different types of termination to correct for possible coupling of 
sample elements and the tube. As this was not done in the case of this simulation, this 10Hz 
forward shift can be explained by this. 
Figure 35. Transmission Loss of HR in impedance tube as 
calculated from COMSOL 
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  FUTURE WORK 
 Given the broad scope of this study, potential for expansion is great. First of all, it is 
necessary to perform experimental validation to ensure that the proposed design will work well 
in real world situations. Impedance tube methods are viable but restrict measurements to samples 
of small dimensions. Reverberation room methods are a better alternative but are expensive to 
set up and run, however would measure the performance of such assemblies with accuracy very 
close to real world situations.  
 Besides the experimental approach, research should be conducted to quantify the 
transparency of double wall assemblies with HRs. As the surfaces of these assemblies will cease 
to be flat, the added features may disturb transparency. Work should be done to discover what 
the factors that affect transparency are and what can be done to ensure the added features that the 
incorporation of HR array panels bring  
 Implementation studies should also be run to decide the level of viability incorporating 
these designs into existing everyday objects and appliances. Double wall assemblies with HR 
arrays can be used in road going vehicles and aircraft, however, the HR necks cannot interact 
with external environment as this will cause various sorts of aerodynamic problems. This forces 
a constraint on the design of these sound packages. 
 It is also important to develop analytical models that incorporate the bounds of the sound 
package and allow for diffuse field incidence. Such an analytical model will be more robust and 
will work more accurately to predict possible transmission loss behavior.  
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 CONCLUSION 
The addition of HR arrays into double panel assemblies have been done in several 
configurations. Using the TMM, the transmission loss of several HR arrays panel configurations 
were calculated. It was noticed that each configuration and fulfilled certain criteria, which can be 
used for sound package design. It is shown that HR arrays insulate sound the same way 
regardless of whether their necks are facing the sound source or facing away from the sound 
source. When put in double wall systems, it is noticed that whether the panel is upstream or 
downstream in the assembly doesn’t influence the transmission loss behavior. The criteria that 
has the greatest influence on the transmission loss behavior is whether the HR interacts with the 
airgap or the environment. It is Assembly A3 and A4 have the highest HR resonant peak, and 
thus can be used for situations in which the sound excitation has a narrowband of frequencies.  
Assembly A2 can be used when for smooth transmission loss curves to nullify the effect of mass 
air mass resonance. Assembly A1 has the largest broadband insulation potential, and has the 
largest potential for large scale use. The effect of adding a porous layer into the airgap is 
investigated, and it is noticed that the porous material plays different roles for different 
configurations.  
It is shown that with more degrees of freedom, sound packages can be designed to suit 
specific situations for specific noise environments. Several directions for further research are 
proposed. 
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